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Abstract.
Background: The human intestine is the site of absorption and first-pass metabolism for oral intake. Assessment of absorption,
distribution, metabolism, excretion, and toxicity (ADMET) of xenobiotics has transformed the understanding of in vivo
pharmacology. However, these processes are difficult torecapitulate in vitro.
Objective: We have developed a simple protocol for the generation of mature functional intestinal organoids from human
pluripotent stem cells (hPSCs)under xenogeneic-free conditions. We sought to characterize transcription level in drug
transporters and metabolism and evaluate CYP3A4 catalytic function of the organoids.
Methods: Human pluripotent stem cell-derived intestinal organoids were generated and evaluated the expression of drug
transporters and metabolizing enzymes. We examined the induction of CYP3A4 and ABCB1 gene expression in the organoids.
Furthermore, we analyzed the CYP3A4 enzyme activity of the organoids by the p450-Glo CYP3A4 assay kit with luciferin
isopropyl acetal.
Results: Stem cell-derived intestinal organoids had an outward polarized intestinal epithelial layer and showed similar
expression levels of drug transporters and metabolism genes as the adult healthy intestine. They also exhibited CYP3A4
enzymatic function in vitro.
Conclusion: This model provides a novel platform for pharmacological testing and can enhance human ADMET studies in
drug development.

Keywords: Xenobiotics, human intestinal organoids, xenogeneic-free conditions, intestinal metabolism, iPS cells, ES cells,
CYP3A

INTRODUCTION

The processes of absorption, distribution, metabo-
lism, excretion, and toxicity (ADMET) related to
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oral drugs are of great importance. The intestine is
the first site of drug disposition through absorption
and metabolism upon oral administration. It is also
involved in the toxicity of compounds. Various
models have been developed for the prediction of
ADMET in the intestine. Among these, animal mod-
els are often used to estimate the bioavailability of
a compound. However, species differences result in
differences in the expression of metabolic enzymes
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and transporters, thereby leading to poor clinical
predictions [1, 2]. In vitro cell culture models are also
frequently used to study intestinal bioavailability
and toxicity.The colorectal tumor-derived Caco-2
monolayer culture is the most established model
to study permeability and to predict the intestinal
absorption of drugs. However, the expression
patterns of xenobiotic metabolizing enzymes and
transporters in Caco-2 cells are different from those
of human intestinal cells, potentially leading to
misrepresentation of the native response [3–5]. It is
thus difficult to accurately predict the absorption rate
in humans, and model systems have limitations.

The development of the 3D intestinal stem cell
cultures has great applicability as a human intestinal
epithelial model in vitro. Human intestinal organoids
can be propagated long term and differentiate into
diverse epithelial cell types, which have crypt-villous
tissue structures [6]. A defining feature of enteroids
is their cystic tissue structure with the apical side
of the epithelium oriented inward. Recently, the
use of pluripotent stem cells (PSCs) differentiated
into intestinal epithelium in vitro has been added to
this spectrum of organoid technologies [7]. Human
intestinal organoids (HIOs) can be differentiated
from human PSCs and have more complex tissue
structures. HIOs also have cyst-like structures
oriented inward towards the apical side of the
epithelium [8]. Extensive application for drug
screening might require extra-technical adaptations
to address the luminal epithelium of these reported
organoids, which might limit such application to
either the apical or basal surfaces [8]. Furthermore, it
is unclear whether such reported intestinal organoids
have transporters/metabolic property. The generation
ofmore functional and unique-featured intestinal
organoids from human PSCs under xenogeneic-
free culture conditions in vitro has been reported
previously [9]. Xenogeneic-free human intestinal
organoids(XF-HIOs) are morphologically unique
because of extroversion of the mucosal epithelium,
thereby facilitating xenobiotic screening and with
potential use in the testing of intestinal infectious
agents. Moreover, XF-HIOs contain mesoder-
mal smooth muscles and ectodermal intestinal
nerves, in addition to endodermal epithelial layers,
thus enabling their self-moving peristalsis-like
movements.

Here, to investigate whether PSCs-derived
organoids exert catalytic activity on xenobiotics, we
examined the expression levels of the xenobiotic
transporters in XF-HIOs and their metabolic proper-

ties. Moreover, we performed a chemical-mediated
CYP3A4 induction test and explored the response
dynamics of drug-mediated CYP3A4 induction in
XF-HIOs with Caco-2 cells as the control.

MATERIALS AND METHODS

Cell culture and generation of intestinal
organoids

Human embryonic stem cells (hESCs) SEES2
[10] were maintained in StemFlex™ medium
(Thermo Fisher Scientific, Waltham, MA, USA)
or StemFitR medium (Ajinomoto, Tokyo, Japan)
on vitronectin (VTN-N; Thermo Fisher Scientific).
The medium was changed every other day, and
cells were sub-cultured approximately once a
week using TrypLE™ Select enzyme (Thermo
Fisher Scientific). In our previous studies [9], we
generated highly functional intestinal organoids
using a defined xenogeneic-free (XF) differentiation
medium containing 85% Knockout DMEM, 15%
Knockout Serum Replacement XF CTS (XF-KSR;
Thermo Fisher Scientific), 2 mM GlutaMAX-I, 0.1
mM NEAA, Pen-Strep, 50 �g/mL L-ascorbic acid
2-phosphate (Sigma-Aldrich, St. Louis, MO, USA),
10 ng/mL heregulin-1� (recombinant human NRG-
beta 1/HRG-beta 1 EGF domain; R&D Systems,
Minneapolis, MN, USA), 200 ng/mL recombinant
human IGF-1 (LONG R3-IGF-1; Sigma-Aldrich),
and 20 ng/mL human bFGF (Thermo Fisher Sci-
entific). Briefly, undifferentiated hESCs were
dissociated and plated on a cell-patterning glass
substrate CytoGraph (Dai Nippon Printing Co., Ltd.,
Tokyo, Japan) coated with VTN-N. The cells (4×106

in 3 mL of culture medium) were plated onto the
patterned substrate areas, and 10 mL of fresh medium
was added gently. The XF differentiation medium
was changed every 3–4 days. After 40 days, gut-like
peristaltic organoids were collected and cultured
together in 100 mm-tissue culture dish (Corning,
NY, USA) in the XF differentiation medium.

Quantitative reverse transcription polymerase
chain reaction (qRT-PCR) analysis

RNA was isolated from the organoids using the
RNeasy Mini Kit (Qiagen, Hilden, Germany), and
DNA was removed using DNase (Thermo Fisher
Scientific). First-strand complementary (cDNA)
was synthesized using SuperScript III reverse
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transcriptase and an oligo-dT primer (Life Technolo-
gies) according to the manufacturer’s instructions.
qRT-PCR was performed in triplicate using the SYBR
Green PCR Master mix and a QuantStudio 12K Flex
Real-Time PCR System (Thermo Fisher Scientific);
the primer sequences are listed in the Supplementary
Table. After amplification, dissociation curves were
obtained to ensure that every PCR product was ampli-
fied. QuantStudio 12K Flex software v1.0 was used
to quantify the relative mRNA levels of the target
genes after normalization against the housekeep-
ing gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). Three different healthy human adult
small intestinal tissues (R1234226-50 and C1234226,
BioChain Institute, CA, USA; #637235, Takara Bio,
Shiga, Japan) were used as a positive control.

Immunocyto chemistry

The organoids were fixed with 4% paraformalde-
hyde in Dulbecco’s phosphate-buffered saline (PBS;
Thermo Fisher Scientific) for 5 min at 4◦C, per-
meabilized with 0.2% Triton X-100 for 2 min at
room temperature, and blocked with PBS containing
5% normal serum as appropriate for each antibody.
The cells were then incubated overnight at 4◦C
with primary antibodies against E-cadherin (610181,
1:50, BD Pharmingen, CA, USA), CDX2 (ab76541,
1:100, Abcam, Cambridge, UK), chromogranin A
(ab16007, 1:100, Abcam), Mucin 2 (sc-7314, 1:50,
SANTA CRUZ, TX, USA)and Na+/K+-ATPase
(NB300-146, 1:100, Novus Biologicals, CO, USA).
Alexa 488- or Alexa 546-conjugated anti-mouse,
anti-rabbit, or anti-goat secondary antibodies (BD
Biosciences) were used; the nuclei were counter-
stained with 4, 6-diamidino-2-phenylindole (DAPI).
Cell fluorescence was analyzed using the LSM 510
Meta Laser Scanning Confocal Microscope (Carl
Zeiss Microscopy, Jena, Germany).

Histochemical analysis

The organoids were fixed in 4% paraformalde-
hyde, embeddedin paraffin,and seriallycut into 4-�m
sections. Alternate sections were mounted on slides,
stained with hematoxylin and eosin, and analyzed.
Immunohistochemical analysis of the developed
organoids was carried out using sections stained
with antibodies against SLC10A2 (HPA004795,
1:100, Sigma-Aldrich), SLC15A1 (SC20653,
1:200, SANTA CRUZ), ABCB1 (ab170904, 1:100,
Abcam), CYP3A4 (SAB1400064, 1:100, Sigma-

Aldrich), Ezrin (26056-1-AP, 1:2000, proteintech,
IL, USA), CES1 (ab45957, 1:20, Abcam), and
CES2 (ab126970, 1:100, Abcam). The secondary
antibody used was polyclonal rabbit anti-mouse
immunoglobulin HRP (1:100; Dako, CA, USA).

Drug transporter and metabolizing enzyme PCR
arrays

RNA was isolated from the organoids and hESCs
using the RNeasy Mini Kit (Qiagen) according to
the manufacturer’s instructions. cDNA templates
for quantitative RT–PCR analysis were prepared
using the TaqMan MicroRNA Reverse Transcrip-
tion Kit (Thermo Fisher Scientific), following the
manufacturer’s protocol. Single-stranded cDNA was
synthesized using the Superscript III First Strand
cDNA Synthesis System (Thermo Fisher Scientific).

We examined the expression of multiple genes
encoding drug transporters and metabolizing
enzymes using RT2 Profiler PCR Arrays (array
numbers: PAHS-070Z and PAHS-002Z; Qiagen).
ACTB(Actin Beta)and GAPDH were used as
endogenous controls. The data were analyzed using
the RT2 Profiler PCR Array Data Analysis online
tool provided by the manufacturer. Three different
healthy human adult small intestine cDNA samples
(R1234226-50 and C1234226, BioChain Institute;
#637235, Takara Bio) were averaged to 1.0 as the
positive control.Five organoids were independently
performed qRT-PCR as five biological replicates.
Gene expression was calculated by the ��Ct
method and expressed as 2−��Ct.

Induction assay of CYP3A4 and ABCB1
(P-glycoprotein) in XF-HIOs and Caco2-cells

The organoids and the colonic cancer cell line
Caco-2 cells were treated with 100 nM of 1,25-
dihydroxyvitamin D3 (1,25-VD3; Sigma-Aldrich)
for 24 h. The control organoids and Caco-2 cells
were treated with 0.1% dimethyl sulfoxide (DMSO;
Sigma-Aldrich). After incubation, the samples were
collected and washed two times with PBS. Total
RNA was extracted using the RNeasy Mini kit
(Qiagen), and first-strand cDNA was synthesized
using SuperScript IV VILO Master Mix according
to the manufacturer’s instructions (Thermo Fisher
Scientific). Quantitative RT-PCR was performed
in triplicate using the SYBR Green PCR Mas-
ter mix. Transcript levels were determined using
the QuantStudio 12K Flex Real-Time PCR Sys-
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tem (Thermo Fisher Scientific). The CYP3A4 and
ABCB1 primer sequences are listed in the Supple-
mentary Table. QuantStudio 12K Flex software v1.0
was used to quantify the relative mRNA levels of the
target genes after normalization against the house-
keeping gene GAPDH. Normal human adult small
intestinal tissue cDNA samples (R1234226-50 and
1234226, BioChain; #637235, Takara Bio) were used
as control.

CYP3A4 catalytic function Assay

We prepared D60-70 organoids derived from
hESCs, and CYP3A4 catalytic function was analyzed
using the p450-Glo CYP3A4 assay kit with luciferin
isopropyl acetal (luciferin-IPA; Promega,WI, USA)
according to the manufacturer’s protocol [11]. The
organoids were placed onto a 24-well plate (Nunc,
MA, USA) with a single organoid per well and then
incubated with 500 �L of the medium supplemented
with luciferin-IPA and/or 1.0 �M Ketoconazole
(Tokyo Chemical Industry, Tokyo, Japan) as a
CYP3A4 inhibitor. After 2 h of incubation, the
supernatants and the organoid-fluidic contents were
collected with a 34 G microneedle (Unisis, Tokyo,
Japan) in a 1 mL syringe (Terumo, Tokyo, Japan) and
analyzed according to the manufacturer’s instruction.
Luminescence was measured as relative light units
(RLU) using the Synergy H1 hybrid multi-mode plate
reader and Gen 5 data software (BioTek, VT, USA).
The culture medium was used as control.

Statistical analysis

Quantitative data are reported as means ± standard
error of the mean from at least three independent
experiments. Statistical analysis was performed using
either an unpaired ortwo-tailed t-test. P < 0.05 indi-
cates statisticalsignificance.

Ethics approval

Human ESC experiments were performed follow-
ing the hESC guidelines of the Japanese government
and were approved by the Institutional Review Board
on hESC research at the National Centre for Child
Health and Development (NCCHD; Notification No.
232). Surgical specimens for analysis were obtained
from patients after informed consent; and parental
written informed consent was obtained from all fam-
ilies. The use of intestinal tissues was approved by
the Institutional Review Board (IRB) of the NCCHD

(IRB permission #927), in adherence to the Declara-
tion of Helsinki.

RESULTS

Morphological structure of XF-HIOs

We have previously reported the successful
development of an intestinal organoid system
in vitro under xenogeneic-free conditions using
hESCs or induced pluripotent stem cells (hiP-
SCs) [9]. In this study, we applied this procedure
to generate organoids and examined their xeno-
biotic metabolic functions. The culture yielded
approximately 10-mm-sized XF-HIOs with cyst-like
structures (Fig. 1a), which were relatively larger com-
pared to previously reported intestinal organoids [6,
7]. Their histological features were uniquely struc-
tured outwards and oriented towards the epithelial
layers (Fig. 1b). Immunofluorescence staining for
an epithelial cell-specific E-cadherin (E-CAD), an
intestinal epithelial enteroendocrine cell marker chro-
mogranin A (CHGA), a Na+/K+-ATPase, and an
intestinal transcription marker CDX2 showed that the
outward-oriented layers exhibited human intestinal
epithelium structure with the correct expressions of
intestinal epithelium (E-CAD and Na+/K+-ATPase)
and epithelial specific cell markers (CHGA and
CDX2; Fig. 1c). Cell counting revealed that the
epithelium contained approximately 95% CDX2 pos-
itive cells, and 10% chromogranin-A expressing
enteroendocrine cells (Fig. 1c and Supplementary
Fig. 1a, b). The epithelial layers of the XF-HIOs, cyst-
like structures were lined underneath with lymphatic
endothelial marker, D2-40 positive cells (Fig. 1d).
Ezrin, an apical surface marker, was positively
stained in the epithelial layers of the XF-HIOs (Sup-
plementary Figure 1c).

Gene expressions of drug transporters and
metabolizing enzymes

The gene expressions of 86 human drug trans-
porters (Supplementary Figure 2) and 84 human drug
metabolizing enzymes (Supplementary Figure 3)
were examined by qRT-PCR of a single XF-HIO
as a control for the adult intestine. Among the
examined drug transporters, 4 ATP-binding cassette
(ABC; ABCB1, ABCG2, ABCC2, and ABCC3) and 7
solute carrier (SLC; SLC10A2,SLC15A1, SLC16A1,
SLCO1B3, SLC22A1, SLC29A1, and SLC29A2)
transporters are shown in Fig. 2a. These transporters
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Fig. 1. Characterization ofintestinal organoids from human embryonic stem cells. (a) In vitro culture of Xenogeneic-free human intestinal
organoids (XF-HIOs) generated from hESCs. The XF-HIOs are stably maintained in a xenogeneic-free medium. Scale bar corresponds to
10 mm. (b) Hematoxylin and eosin (HE) staining of organoids on day 100. Scale bar corresponds to 200 �m. The XF-HIOs are structured
outwards andoriented towards the epithelial layers. (c) Immunostaining for Chromogranin A (CHGA), caudal type homeobox 2 (CDX2),
and Na/K-ATPase. Cell nuclei were counterstained with 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI). Scale bars correspond to
50 �m. (d) Under the epithelial layers of the XF-HIOs, cyst-like structures were lined with the lymphatic endothelial marker, D2-40 positive
cells (Fig. 1d). Immunohistochemical staining for lymphatic endothelium marker Podoplanin (D2-40) in XF-HIOs and in healthy adult
human intestine (white arrowhead) as control. Cystic structures of the XF-HIOs lined by D2-40 positive cells. Scale bars correspond to
200 �m.
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Fig. 2. Gene expression levels of drug transporters and metabolizing enzymes in XF-HIOs. (a-b) Relative gene expressions of drug transporters
(a) and metabolizing enzyme (b) of per the organoid (black bars) and in the control, i.e., adult intestine (gray bars) and human ES cells (white
bars). Values were normalized against GAPDH. The data are reported as means ± SE. Statistical significance was identified using Student’s
t-test (*P < 0.05, **P < 0.01; n = 5) (c) Immunohistochemical staining for drug transporters, i.e., SLC10A2, SLC15A1, and ABCB1, and
metabolic enzymes, i.e., CYP3A4, CES1, and CES2, in D60-70 XF-HIOs. The epithelial layer of the XF-HIOs exhibited strong staining for
CES2, an intestinal-type enzyme. SLC10A2, SLC15A1 and ABCB1 were positively stained apical membranous in epithelial layers of the
XF-HIOs (black arrowheads). Scale bars correspond to 100 �m.



K. Sasaki et al. / Xenobiotic Metabolism of Intestinal Organoids 7

Fig. 3. Induction of CYP3A4 and ABCB1 in XF-HIOs and Caco2-cells. The transcript expression levels of CYP3A4 (black bars) and
ABCB1 (hatched bars) in XF-HIOs were significantly higher than those in the adult intestines after treatment with1,25-Dihydroxyvitamin
D3 (VD3). Three different adult intestines were used for RT-PCR and set to 1.0 as the reference sample. The control organoids or Caco-2
cells were treated with 0.1% Dimethyl sulfoxide (DMSO). Data are reported as means ± SE, and statistical significance was identified using
Student’s t-test (**P < 0.01; n = 3).

are proposed by the International Transporter Con-
sortium (ITC) as important for evaluation during
drug development [12] and are similar to those
expressed in adult intestines (Fig. 2a). Cytochromes
P450 monooxygenases (CYPs) constitute a super-
family of heme-thiolate proteins and are the dominant
enzyme system responsible for xenobiotic detoxifica-
tion and drug metabolism. Among the metabolizing
enzymes in the human intestine, CYPs are of particu-
lar importance in the intestinal first-pass metabolism
of orally administered drugs [11], of which the
CYP3A subfamily (CYP3A4 and CYP3A5) was
reported as the most abundantly expressed in the
small intestine [13]. CYP3A, CYP2C9, CYP2C19
and CYP2J2 were highly expressed in XF-HIOs
compared to the adult intestine (Fig. 2b). To ana-
lyze the transporters and drug metabolic enzymes
at the protein level, immunohistochemical stain-
ing was performed on the XF-HIOs. Intestinal
transporters, i.e.,SLC10A2, SLC15A1, and ABCB1
(P-glycoprotein; P-gp), and catabolic enzymes, i.e.,
CYP3A4 and carboxylesterase (CES) 2, were located
in the mucosal layers (Fig. 2c). SLC10A2, SLC15A1,
ABCB1 and Ezrin were strongly stained at the apical
part of the epithelial cells (Fig. 2c and Supplementary
Figure 1c). The XF-HIOs exhibited strong staining
for an intestinal-type enzyme, CES2,but not for a
colorectal-type enzyme CES1 (Fig. 2c and Supple-
mentary Figure 4). Isotype control antibodies in the
immunohistochemical analysis were presented (Sup-
plementary Figure 5).

CYP3A4 and ABCB1 activities and inducibilities

To examine CYP3A4 and ABCB1 induction, we
used 1,25-dihydroxyvitamin D3 (1,25-VD3) because
it can induce the expression of CYP3A [14]. The tran-
script expression levels of CYP3A4 and ABCB1 were
significantly higher in the XF-HIO streated with 1,25-
VD3 than in the control organoids (Fig. 3). 1,25-VD3
induced the expression of CYP3A4 significantly.

CYP3A4 metabolic activity

To analyze the CYP3A4 enzyme activity of
the XF-HIOs, single organoids were treated with
proluciferin-IPA and/or Ketoconazole for 2 h.
Because XF-HIOs have cyst-like structures and have
outward oriented epithelium layers, we collected
their contents using a 34 G microneedle to analyze
luminescence (Fig. 4a). Luminescence was consid-
erably higher in proluciferin-IPA treated XF-HIOs
than both in the control without organoids and in
the XF-HIOs treated with Ketoconazole, though the
difference was not statistically significant (Fig. 4b;
n = 5).

DISCUSSION

In this study, the xenogeneic-free human intestinal
organoids derived from hPSCs showed expres-
sion of xenobiotic transporters and their metabolic
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Fig. 4. Metabolic activity of CYP3A4 in XF-HIOs. (a) Schematic diagram of measuring CYP3A4 catalytic activity in XF-HIOs. Single
organoids were treated with proluciferin-IPA, and their content was collected using a 34 G microneedle for luminescence assay. (b) CYP3A4
catalytic activity was scored as relative light units (RLU). Luminescence was significantly higher in proluciferin–IPA-treated XF-HIOs than
in control without XF-HIOs. Data are reported as means ± SE. Statistical significance was identified using Student’s t-test (n = 5).

properties, as well as the activity of CYP3A4
enzyme. It has been reported that gastrointestinal
organoids were derived either from intestinal tis-
sues or hPSCs and that these organoids showed
similarity with the human intestine based on tissue-

specific gene expression and their epithelial tissue
properties [9]. However, it is still unclear whether
drug metabolism functions at a similar magnitude
as in human intestinal tissues. Therefore, the vari-
ability of stem cell-derived organoids in bioassays
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on xenobiotics has to be considered and resolved in
future applications.

The use of cellular organoids is a developing
research technology and provides another in vitro
model for the intestine [16, 17]. Therefore, organoids
generated from gastrointestinal tissue progenitors
or PSCs can be applied to intestinal research.
However, their xenobiotic metabolism is not yet
analyzed. Furthermore, their closed lumens with
inward epithelial orientation are relatively inacces-
sible for absorption, distribution, metabolism, and
excretion assays [18]. As previously reported, XF-
HIOs have a well-organized structure and similar
functional characteristics to mature intestines [9].
Here, the XF-HIOs obtained have a morphologically
unique organoid structure with outward epithelial ori-
entation unlike other intestinal organoids, there by
facilitating its applicability in bioassays of chemi-
cal substances or drugs for ADMET analysis.They
exhibited substantial mRNA expression of ABCB1
and ABCG2, which are recommended for drug eval-
uation in the 2012 US Food and Drug Administration
(FDA) Draft Guidance on Drug Interactions [11]. In
addition, intestinal drug metabolic enzymes, such as
CYP3A,are expressed in XF-HIOs, similar to human
intestine.

Our immunostaining analysis indicated that
SLC10A2, SLC15A1, ABCB1, CYP3A4, and CES2
were localized along the lumen of the polarized
epithelium of XF-HIOs, suggesting that the simple
addition of CYP3A4 substrates in XF-HIOs cultures
could enable evaluation of their enzymatic activi-
ties. In a functional assay, XF-HIOs can metabolize a
CYP3A4 substrate, and the metabolites accumulated
in their cystic structure.The presence of functional
key CYP3A4 metabolic enzymes was also con-
firmed. To our knowledge, this is the first study to
show that human gastrointestinal organoids exert cat-
alytic activity on xenobiotics.The human intestine has
diverse physiological functions related to its com-
plex tissue formation including the immune system.
To understand the intestinal physiological conditions
properly, the organoids bio-model should be inte-
grated with immune cells in future studies.

In conclusion, we have generated intestinal
organoids that can metabolize xenobiotics in a
xenogeneic-free system. To overcome the existing
limitations of the current in vitro systems in human
gastrointestinal organoids, the XF-HIOs generated
in this study could be used to develop a novel
system with ADMET applications for drug devel-
opment.Therefore, this study enables us to use the

intestinal organoids system as a chemical screen for
drug development and as a toxicological prediction
model to fill out the gap between in vivo and in vitro
systems.
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